Introduction
============

Breast cancer (BC) is the most commonly diagnosed cancer, which holds the highest mortality rate in women around the world ([@b1-ijmm-43-04-1623]-[@b4-ijmm-43-04-1623]). It has been documented that radiation therapy and chemotherapy have been employed in treating BC, which can lead to the improvement of prognosis ([@b5-ijmm-43-04-1623]). However, chemotherapy resistance and metastasis may lead to failure of BC therapy ([@b6-ijmm-43-04-1623]). BC is a complex disease, which is influenced by several environmental factors and genetic alterations. The environmental factors include unhealthy diet and psychology, environmental contamination and radiation. Gene dysregulation may lead to the spreading of tumor cells from the primary neoplasm to distant sites ([@b7-ijmm-43-04-1623]). Therefore, it is urgent to gain further insight into the gene expression alterations and molecular mechanism in BC progression that may aid better therapeutic developments for BC patients.

MicroRNAs (miRNAs/miRs) are small noncoding single-stranded RNA molecule of 20-25 nucleotides in length that regulate gene expression ([@b8-ijmm-43-04-1623]). It has been demonstrated that miRNAs function as oncogenes or tumor suppressors and modulate a variety biological processes, including cell proliferation, migration, invasion, metastasis, apoptosis and differentiation ([@b9-ijmm-43-04-1623]-[@b13-ijmm-43-04-1623]). Dysregulation of several miRNAs has been demonstrated in BC, including miR-122 ([@b14-ijmm-43-04-1623]), miR-34a ([@b15-ijmm-43-04-1623]) and miR-155 ([@b16-ijmm-43-04-1623]), which associated with the development and progression of malignancy. miR-135 has been reported to serve important roles in the development of various types of cancer, including colorectal cancer, non-small cell lung cancer and renal cancer ([@b17-ijmm-43-04-1623]-[@b19-ijmm-43-04-1623]). It was reported that miR-135 was highly expressed in metastatic breast tumors and promotes cell migration and invasion by targeting HOXA10 ([@b20-ijmm-43-04-1623]). Furthermore, a considerable upregulation of miR-135 in colorectal adenomas and carcinomas was observed, which is significantly correlated with low APC mRNA levels and miR-135 serves as a tumor suppressor in breast cancer metastasis ([@b17-ijmm-43-04-1623]). In addition, miR-135 inhibits prostate cancer cell growth and migration by targeting the epidermal growth factor receptor (EGFR) ([@b21-ijmm-43-04-1623]). However, it remains unclear whether miR-135 is involved in BC progression. Therefore, the development of novel effective therapeutic strategies is essential and urgent.

It is known that epithelial-mesenchymal transition (EMT) is a complex biological process. Specifically, cells undergoing EMT have increased expression of mesenchymal molecules including snail, slug and vimentin and decreased expression of the epithelial adhesion marker epithelial (E)-cadherin, leading to enhanced motility and metastasis ([@b22-ijmm-43-04-1623]). Increasing evidence has demonstrated that aberrant activation of Wnt/β-catenin signaling promoted cell proliferation and is associated with poor prognosis of BC patients ([@b23-ijmm-43-04-1623]-[@b25-ijmm-43-04-1623]). Aberrant activation of the Wnt/β-catenin signaling pathway is identified and promoted tumor progression in a number of types of human cancer ([@b26-ijmm-43-04-1623]-[@b30-ijmm-43-04-1623]).

Therefore, miR-135 expression was measured in BC cells and biological functions of miR-135 were investigated in BC. In the present study, it was demonstrated that expression of miR-135 was significantly reduced in BC cells and overexpression of miR-135 inhibited cell proliferation, migration, invasion and metastasis. Finally, it was demonstrated that miR-135 suppression was followed by Wnt/β-catenin signaling pathway activation. Collectively, the results of the present study demonstrated that miR-135 suppresses the progression of BC by regulating the Wnt/β-catenin signaling pathway.

Materials and methods
=====================

Cell lines and transfection
---------------------------

Human breast cancer cell lines MDA-MB-468, MDA-MB-231 and normal epithelial cell line MCF-10A were purchased from the Cell Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and routinely maintained in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and human breast cancer cell line MCF-7 was cultured in RPMI 1640 medium. All cells were incubated in a humidified 5% CO~2~ atmosphere at 37°C. The miR-135 mimic, miR-135 inhibitor or scrambled miRNA control which expressed green fluorescent protein (GFP) were transfected to the MDA-MB-468 and MCF-7 cells with Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The sequences were as follows: miR-135 mimic forward, 5′-UAU GGC UUU UCA UUC CUA UGU GA-3′ and reverse, 5′-ACA UAG GAA UGA AAA GCC AUA UU-3′; miR-135 inhibitor forward, 5′-UCA CAU AGG AAU GAA AAG CCA UA-3′ and reverse, 5′-CAG UAC UUU UGU GUA GUA CAA-3′; and scrambled miRNA control forward, 5′-UUC UCC GAA CGU GUC ACG UTT-3′ and reverse, 5′-ACG UGA CAC GUU CGG AGA ATT-3′. A total of 2 days later, cells were collected and stored at −80°C.

RNA extraction and quantitative polymerase chain reaction (qPCR)
----------------------------------------------------------------

Total RNA was extracted from cell lines using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. TaqMan MicroRNA Reverse Transcription kit (Takara Bio, Inc., Otsu, Japan) was used to synthesize cDNA from total RNA at 37°C for 30 min. qPCR was performed on an Applied Biosystems StepOne Plus Real-Time PCR System (Takara Bio, Inc., Otsu, Japan). The PCR conditions consisted of 95°C for 30 sec, followed by 40 cycles of amplification (95°C for 3 sec and 60°C for 30 sec). The primer sequences were as follows: miR-135 forward, 5′-TCT GCT GTG GCC TAT GGC TT-3′, reverse, 5′-CTG TAG CCC ATG GCT TTT AGC-3′ and U6 forward, 5′-CTC GCT TCG GCA GCA CA-3′, reverse, 5′-AAC GCT TCA CGA ATT TGC GT-3′. The small nuclear RNA U6 was used as control. Fold-changes for mRNA expressions were calculated using the 2^−ΔΔCq^ method ([@b31-ijmm-43-04-1623]) and all experiments were performed in at least triplicate.

Western blot analysis
---------------------

For western blot analysis, total protein was extracted from transfected cells using radioimmunoprecipitation assay (RIPA) buffer (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and the supernatants were collected with centrifugation at 12,000 × g at 4°C for 20 min. Protein concentration was measured with a Bicinchoninic acid Protein Assay kit (Beyotime Institute of Biotechnology, Haimen, China). Subsequently, equal amounts of protein (30 *µ*g) from each sample were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C. The specific primary antibodies were as follows: Anti-wnt (ab15251; 1:1,000; Abcam, Cambridge, UK), p-GSK3 (ab75745; 1:1,000; Abcam), GSK3 (ab32391; 1:1,000; Abcam), β-catenin (ab32572; 1:1,000; Abcam). Following the membranes were washed with TBST containing 0.2% Tween-20 three times and incubated with the horseradish peroxidase-conjugated anti-rabbit secondary antibody (cat. no. ab6721; 1:2,000; Abcam) at room temperature for 1 h. The blot was visualized by an odyssey infrared imaging system with ECL western blotting substrate kit (Amersham; GE Healthcare, Chicago, IL, USA). Expression of GAPDH was used as a loading control.

Cell proliferation colony formation assay
-----------------------------------------

Cell proliferation was measured by the MTT assay (Nanjing KeyGEN Biotech, Co., Ltd., Nanjing, China). MDA-MB-468 and MCF-7 cells (1.0×10^4^/well) were plated in a 6-well plate and transfected with miR-135 mimics, miR-135 mimics negative control (NC), miR-135 inhibitors and miR-135 inhibitors NC. At 24, 48 and 72 h of incubation, cells were washed with PBS, and dimethyl sulfoxide used to dissolve the purple formazan. Then, 20 *µ*l MTT were added into each well for 4 h. The absorbance of the resulting solution was assessed at 490 nm wavelength with a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). For colony formation assay, cells were subcultured in a 6-well plate for 2 weeks. The cells were washed twice with PBS, fixed in 4% paraformaldehyde at room temperature for 30 min and stained with 5% crystal violet for 4 h at room temperature, and counted under a light microscope.

Wound healing assay
-------------------

For the wound healing assay, MDA-MB-468 and MCF-7 were seeded into 6-well plates at density of 1×10^5^ cells per well following transfection and cultured in fresh culture the confluence reached 90%. Furthermore, sterile pipette tips was used to scratch the wound uniformly and incubated at 37°C for 0, 24 and 48 h. The cell migration ability was assessed using a light microscope and images were captured at 0, 24 and 48 h following scraping. Each experiment was conducted in triplicate.

Transwell assay
---------------

The migration and invasion of transfected MDA-MB-468 and MCF-7 cells were evaluated by using Boyden chambers consisting of transwell with 8-*µ*m pore size polycarbonate membrane filters. For migration assay, cells were plated at a density of 2×10^5^ cells/well in the upper chamber of a transwell filter. For invasion assay, matrigel was added to the inner surface. Cells were placed in RPMI-1640 medium on the top chamber and the lower chambers were filled with RPMI-1640 medium supplemented with 10% FBS. After incubation for 48 h, nonmigrated or noninvasive cells on the upper surface were removed carefully with a cotton swab. The cells bound to the lower side of the filter were washed twice with PBS and fixed with 5% gluteraldehyde at room temperature for 10 min. Fixed cells were washed twice with PBS and fixed 4% paraformaldehyde for 30 min at room temperature. After that, cells were stained with 0.1% crystal violet for another 30 min at room temperature. The migration and invasion cells were counted and imaged in six random fields under a light microscope at ×200 magnification.

Immunofluorescence assay
------------------------

Cells (1×10^5^) were seeded on 6-well plates and incubated for 48 h. After that, MDA-MB-468 and MCF-7 cells were fixed with 4% paraformaldehyde for 30 min at room temperature and incubated with the primary antibodies at room temperature for 2 h after blocking cell with 3% bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.). The specific primary antibodies are as follows: Anti-wnt (ab15251; 1:1,000; Abcam), p-GSK3 (ab75745; 1:1,000; Abcam), GSK3 (ab32391; 1:1,000; Abcam), β-catenin (ab32572; 1:1,000; Abcam). Thereafter, an Alexa Fluor 594-Conjugated Anti-Rabbit IgG (H+L) (SA00006-4; 1:1,000; ProteinTech Group, Inc., Chicago, IL, USA) second antibody was incubated for 1 h at room temperature. The nuclei were counterstained with DAPI for 5 min at room temperature. The slides were examined under a confocal microscopy.

Xenografted tumor model
-----------------------

A total of 30 female nude mice (6 weeks old, 18-22 g) were provided by the Nanjing Medical University and housed under germ free conditions. Animal care and use were carried out according to the ethical guidelines by Nanjing Medical University Animal Care and Use Committee and approved by the Nanjing Medial University Experimental Animal Ethics Committee and the permit number is SYXK(su)2016-0016. Mice were maintained in laminar airflow chambers under specific pathogen-free conditions in a temperature controlled room (24°C) under a 12 h light/dark cycle. They were provided free access to water and standard laboratory rodent chow. MCF-7 cells (5×10^6^) transfected with an miR-135 mimic, miR-135 inhibitor or the control vector were inoculated subcutaneously into the right flanks of nude mice, respectively. The volume of tumor was measured every week and calculated using the equation volume (mm^3^)=length x (width)^2^/2. After five weeks, the mice were sacrificed by cervical dislocation and stored in −80°C for further use. In addition, xenografted tumor tissue samples were obtained and were fixed in formalin for 24 h at room temperature and embedded in paraffin. Hematoxylin and eosin (H&E) staining was performed to obtain histological samples of the tumor.

H&E staining
------------

The tumors tissues were fixed in 4% para-formaldehyde for 30 min at room temperature and then embedded in paraffin. The 4-*µ*m sections were stained with H&E staining for 20 min at room temperature. At least three different sections of tumor tissues were examined for each group using a light microscope to assess the histopathological changes.

Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling (TUNEL) staining
---------------------------------------------------------------------------------------

The apoptosis of paraffin-embedded tumor 4-*µ*m sections was detected using a TUNEL assay kit. Briefly, fixed and paraffin-embedded sections were dewaxed, then proteinase K was added into for 20 min at room temperature. The sections had 3% H~2~O~2~ added following washing with PBS and then were incubated with the equilibration buffer and terminal deoxynucleotidyl transferase (TdT) enzyme for 1 h at room temperature in the dark. Sections were treated with 3% H~2~O~2~ for 5 min and horseradish peroxidase for 30 min following washing with PBS. Finally, sections were incubated with DAB for 5 min at room temperature to evaluate the tissue peroxidase activity and five fields per view were analyzed with a light microscope.

Statistical analysis
--------------------

All data were expressed as the mean ± standard deviation and statistical analyses were performed with 19.0 SPSS software (IBM, Corp., Armonk, NY, USA); three independent experiments were performed. Statistical analyses of pairs of samples were performed using the Student's t-test. Multiple group comparisons were carried out by one-way analysis of variance with Bonferroni's post-hoc test. P\<0.01 was considered to indicate a statistically significant difference.

Results
=======

miR-135 is downregulated in BC cell lines
-----------------------------------------

To investigate the role of miR-135 in BC pathogenesis, reverse transcription (RT)-qPCR was used to quantify its expression in different cell lines, including BC cell lines MDA-MB-468, MDA-MB-231, MCF-7 and normal immortalized MCF-10A breast cell line. RT-qPCR analysis demonstrated that expression was significantly downregulated in BC cell lines (MDA-MB-468, MDA-MB-231 and MCF-7) compared with breast epithelial cell line MCF-10A (P\<0.05; [Fig. 1A](#f1-ijmm-43-04-1623){ref-type="fig"}). MTT, colony formation, wound healing and transwell assay were used to evaluate cell proliferation, migration and invasion ability ([Fig. 1B-E](#f1-ijmm-43-04-1623){ref-type="fig"}). The results indicated that the BC cell proliferation, migration and invasion ability were stronger than MCF-10A cells.

miR-135 inhibited BC cell proliferation in vitro
------------------------------------------------

To determine the role of miR-135 in regulating cell proliferation, miR-135 mimics, mimics NC, miR-135 inhibitors and inhibitors NC were separately transfected into MDA-MB-468 and MCF-7 cells, respectively. The transfection efficiency of miR-135 was examined by green fluorescent protein (GFP) and RT-qPCR assay. As presented in [Fig. 2A and B](#f2-ijmm-43-04-1623){ref-type="fig"}, cells transfection of miR-135 mimic significantly increased the level of miR-135 (P\<0.05), while miR-135 inhibitors significantly inhibited the expression of miR-135 in MDA-MB-468 and MCF-7 cells (P\<0.05). MTT and colony formation assays were performed to investigate the effect of miR-135 on cell proliferation following transfection for 48 h. As presented in [Fig. 2C](#f2-ijmm-43-04-1623){ref-type="fig"}, the results revealed that the miR-135 inhibitor caused a decrease in optical density, which indicated that the proliferation ability of cells was significantly increased in the miR-135 inhibitor group compared with the control group, while upregulation of the expression of miR-135 attenuated the proliferation of MDA-MB-468 and MCF-7 cells. Furthermore, MDA-MB-468 and MCF-7 cells which transfected miR-135 mimics exhibited fewer and smaller colonies compared with the control cells ([Fig. 2D](#f2-ijmm-43-04-1623){ref-type="fig"}). Taken together, these results revealed that miR-135 overexpression inhibited cell proliferation of BC *in vitro*.

miR-135 suppresses the migration and invasion in BC cells
---------------------------------------------------------

Given that cellular migration and invasion are key processes underlying metastasis, whether miR-135 could affect BC was investigated. To further validate the role of miR-135 in cell migration and invasion *in vitro*, cell migration and invasion in MDA-MB-468 and MCF-7 cells following transfection with miR-135 mimic NC, miR-135 mimics, miR-135 inhibitor NC and miR-135 inhibitor was determined by wound healing assay and transwell assays. As presented in [Fig. 3A](#f3-ijmm-43-04-1623){ref-type="fig"}, ectopic restoration of miR-135 delayed the migration rate of cells from the wound area, compared with the control group, while miR-135 inhibitor promoted the migration potential of MDA-MB-468 and MCF-7 cells. Transwell assay demonstrated that the migration and invasion capacity of cells transfected with miR-135 mimics was markedly suppressed compared with the control group ([Fig. 3B](#f3-ijmm-43-04-1623){ref-type="fig"}). Moreover, the protein levels of matrix metalloproteinase (MMP)-2 and MMP-9 were examined in MDA-MB-468 and MCF-7 cells. It was demonstrated that miR-135 mimic suppressed the levels of MMP-2 and MMP-9, while the expression of MMP-2 and MMP-9 were remarkably promoted in cells which were transfected with miR-135 inhibitors ([Fig. 3C](#f3-ijmm-43-04-1623){ref-type="fig"}). The results suggested that miR-135 may have the ability to inhibit migration and invasion in BC cells.

Effects of miR-135 on xenograft tumour growth of breast cancer cells in vivo
----------------------------------------------------------------------------

To further investigate the role of miR-135 in tumorigenicity of BC cells *in vivo*, cells stably transfected with miR-135 mimic, miR-135 inhibitors or controls were injected subcutaneously into nude mice. As presented in [Fig. 4A](#f4-ijmm-43-04-1623){ref-type="fig"}, the tumors formed by the cells which were transfected with miR-135 inhibitors were larger and heavier compared with the control tumors. Consistently, miR-135 over-expression significantly inhibited tumor growth of cells of xenografted mice compared with the control (P\<0.01). The tumor sizes were measured every week. Data demonstrates that the tumors in the group injected with cells stably overexpressing miR-135 grew at a slower rate and exhibited smaller volumes compared with the controls. Consistent with the tumor volume, the average tumor weight was also significantly reduced (P\<0.01; [Fig. 4B](#f4-ijmm-43-04-1623){ref-type="fig"}). Furthermore, the subcutaneous tumor tissues were examined by histochemical staining and the effect of miR-135 on the cell apoptosis was assessed by TUNEL assay ([Fig. 4C](#f4-ijmm-43-04-1623){ref-type="fig"}). The results indicated that the degree of apoptosis was notably decreased in cells transfected with miR-135 inhibitor. In addition, overexpression of miR-135 markedly increased the number of apoptotic cells when compared with the control group. Based on these observations, it was demonstrated that miR-135 overexpression inhibited tumor growth *in vivo*.

miR-135 suppresses EMT and is associated with Wnt/β-catenin signaling activation in BC
--------------------------------------------------------------------------------------

To identify whether miR-135 can affect cell EMT, the expression of EMT markers in MDA-MB-468 and MCF-7 cells was measured by western blot analysis. It was demonstrated that miR-135 mimic transfection enhanced the expression of E-cadherin and displayed the lower expression of mesenchymal markers including Snail, Slug, neural (N)-cadherin and Vimentin at mRNA and protein levels ([Fig. 5](#f5-ijmm-43-04-1623){ref-type="fig"}) in cells, while the results of cells transfected with miR-135 inhibitors demonstrated the opposite activities. The results of the present study revealed that miR-135 inhibited cells metastasis may be through regulation of EMT in BC cells.

To further elucidate whether miR-135 levels were associated with activation of Wnt/β-catenin signaling to regulate-miR-135 inhibited cell EMT, western blotting and immunofluorescence staining assays were performed to detect the proteins levels that were associated with the Wnt/β-catenin signaling pathway. As presented in [Fig. 6](#f6-ijmm-43-04-1623){ref-type="fig"}, there was a significant positive association between miR-135 and p-GSK3 expression, but a significant inverse association between miR-135 and Wnt and β-catenin expression. Furthermore, immunofluorescence staining observed similar results ([Figs. 7](#f7-ijmm-43-04-1623){ref-type="fig"} and [8](#f8-ijmm-43-04-1623){ref-type="fig"}). The levels of Wnt and β-catenin were remarkably upregulated in miR-135 inhibitors group compared with the control group. In contrast, overexpression of miR-135 increased the levels of phosphorylated (p)-glycogen synthase kinase (GSK)3. Therefore, the aforementioned findings indicate that downregulation of miR-135 participates in the regulation of cell biological functions, at least in part through activating Wnt/β-catenin signaling in BC.

Discussion
==========

BC is the most frequent cancer of women due to a complicated etiology involving environmental and genetic factors. miRNAs, as the class of endogenous non-coding small RNA and can modulate a wide variety of biological processes including tumor cell proliferation, differentiation, migration, invasion, apoptosis and metastasis ([@b32-ijmm-43-04-1623]-[@b35-ijmm-43-04-1623]). Numerous miRNAs have been reported to be abnormally expressed in BC cells and tissues ([@b36-ijmm-43-04-1623]). However, the role of miR-135 in BC remains elusive.

The present study identified the decreased expression of miR-135 in MDA-MB-468, MDA-MB-231 and MCF-7 compared with breast epithelial cell line MCF-10A. Therefore it was inferred that miR-135 may act a tumor suppressor involved in the progression and development in BC. Xu *et al* reported ([@b21-ijmm-43-04-1623]) that miR-135 inhibits prostate cancer cell growth and migration by targeting EGFR. Wu *et al* ([@b37-ijmm-43-04-1623]) demonstrated that miR-135a targets JAK2 and inhibits gastric cancer cell proliferation. The hypothesis was further confirmed by *in vitro* and *in vivo* analysis in MDA-MB-468 and MCF-7 cells with MTT, colony formation, wound healing, transwell and xenograft tumor growth assays. The results demonstrated that overexpression of miR-135 inhibited the proliferation, migration, invasion and tumorigenicity.

A number of studies have demonstrated that tumor invasion and metastasis are a series of complex processes and MMPs are associated with tumor invasion and metastasis ([@b38-ijmm-43-04-1623]-[@b40-ijmm-43-04-1623]). In the present study, the data demonstrated that MMP-2 and MMP-9 expression was promoted following transfection with miR-135 inhibitors, while miR-135 mimics could suppress the expression of MMP-2 and MMP-9. The role of EMT has been paid more attention in tumor metastasis as EMT is a complex process in which epithelial cells lose their epithelial morphology and acquire a mesenchymal phenotype ([@b41-ijmm-43-04-1623],[@b42-ijmm-43-04-1623]). Therefore, it was demonstrated that miR-135 could inhibit the EMT process by inducing the levels of E-cadherin and reducing Slug, Snail, N-cadherin and Vimentin expression. The Wnt/β-catenin signaling pathway has a significant impact on the maintenance of stem cell properties and cancer metastasis ([@b43-ijmm-43-04-1623],[@b44-ijmm-43-04-1623]). Additionally, the nuclear accumulation of β-catenin is a crucial step in the activation of the Wnt signaling pathway ([@b45-ijmm-43-04-1623]). In the present study, evidence was provided that miR-135 could inhibit the activation of the Wnt/β-catenin pathway.

From these data, it was demonstrated that miR-135 could inhibit cell proliferation, migration and invasion, at least in part through Wnt/β-catenin signaling pathway in BC. It was concluded that miR-135 was a potential tumor suppressor and could serve a critical role in the progression of BC. In conclusion, the results of the present study could represent a potential therapeutic target for the diagnosis and treatment of breast cancer. Furthermore, the present study provides novel insights into the pathogenesis and therapeutics of breast cancer. The current study is a preliminary study on the anti-tumor effect of miR-135 in BC. Previous studies have reported that signal transducer and activator of transcription (STAT)3 is connected with the nuclear factor (NF)-κB signaling pathway ([@b46-ijmm-43-04-1623]-[@b49-ijmm-43-04-1623]). The association between miR-135 and the STAT3/NF-κB signaling pathway on BC based on current findings will be investigated in future studies.
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![miR-135 is downregulated in BC cell lines. (A) miR-135 expression in BC cell lines and a normal breast epithelium cell line were examined by reverse transcription-quantitative polymerase chain reaction. The proliferation of cells was determined by (B) MTT and (C) colony formation assay. Effects of miR-135 on (D) cell migration and (E) invasion in cells. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. MCF-10A cell lines. miR, microRNA; BC, breast cancer; OD, optical density.](IJMM-43-04-1623-g00){#f1-ijmm-43-04-1623}
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miR-135 inhibits cell proliferation. Following transfection with miR-135 mimics or miR-135 inhibitors in (A) MDA-MB-468 and (B) MCF-7 cells, the transfection efficiency was detected by reverse transcription-quantitative polymerase chain reaction. The proliferation of cells was determined by (C) MTT and (D) colony formation assay. The results were expressed as the mean ± standard deviation of three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control group. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. NC group. NC, negative control; miR, microRNA; OD, optical density; GFP, green fluorescent protein.
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![miR-135 suppresses migration and invasion in breast cancer cells. (A) The migration abilities of MDA-MB-468 and MCF-7 cells transfected with miR-135 mimics or miR-135 inhibitors for 48 h were examined by wound healing assay. (B) The of migratory and invasive abilities in MDA-MB-468 and MCF-7 cells were evaluated using a transwell invasion assay. (C) Expression levels of the MMP-2 and MMP-9 proteins were determined by western blot assay. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control group. ^\#^P\<0.05 vs. NC group. miR, microRNA; BC, breast cancer; MMP, matrix metalloproteinase.](IJMM-43-04-1623-g03){#f3-ijmm-43-04-1623}

![miR-135 inhibits breast cancer tumor growth *in vivo.* (A) Cells (2×10^6^) were injected into the nude mice. After 30 days, the cells stably transfected with miR-135 mimics formed smaller tumors compared with the controls. (B) Mice weight and tumor volumes and weight were measured. (C) H&E analysis of the pathological features of the tumors and TUNEL assay of apoptosis from the five groups. The data are presented as the mean ± standard deviation. ^\*\*^P\<0.01 vs. control group. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. NC group. NC, negative control; miR, microRNA; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling.](IJMM-43-04-1623-g04){#f4-ijmm-43-04-1623}

![miR-135 inhibits EMT in breast cancer cells. Expression levels of the EMT-associated proteins were determined by western blot assay in (A) MDA-MB-468 and (B) MCF-7 cells. The results were expressed as the mean ± standard of three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control group. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. NC group. NC, negative control; miR, microRNA; EMT, epithelial-mesenchymal transition; N, neural; E, epithelial.](IJMM-43-04-1623-g05){#f5-ijmm-43-04-1623}

![miR-135 inhibited epithelial-mesenchymal transition in breast cancer cells. Western blot analysis of the alterations in the expression of proteins that associated with the Wnt/β-catenin signaling pathway in (A) MDA-MB-468 and (B) MCF-7 cells. The results were expressed as the mean ± standard deviation of three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. control group. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. NC group. NC, negative control; miR, microRNA; p-GSK, phosphorylated glycogen synthase kinase.](IJMM-43-04-1623-g06){#f6-ijmm-43-04-1623}

![miR-135 inhibits the epithelial-mesenchymal transition which is associated with the activation of Wnt/β-catenin signaling. Immunofluorescence analysis of the alterations in the expression of (A) Wnt, (B) p-GSK3, (C) GSK3 and (D) β-catenin in MDA-MB-468 cells. NC, negative control; miR, microRNA; p-GSK, phosphorylated glycogen synthase kinase.](IJMM-43-04-1623-g07){#f7-ijmm-43-04-1623}

![miR-135 inhibits the epithelial-mesenchymal transition which is associated with the activation of Wnt/β-catenin signaling. Immunofluorescence analysis of the alterations in the expression of (A) Wnt, (B) p-GSK3, (C) GSK3 and (D) β-catenin in MCF-7 cells. NC, negative control; miR, microRNA; p-GSK, phosphorylated glycogen synthase kinase.](IJMM-43-04-1623-g08){#f8-ijmm-43-04-1623}
